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A growing trend in the electrical industry is to move away from overhead lines
and towards underground distribution. The cables necessary for underground distribution
are stressed in various ways, and one of the most ignored stresses is that of overvoltage
caused by switching. The focus of this research is to determine the effects that high
voltage switching impulses have on the electrical strength of medium voltage cable
insulation. Accelerated aging was performed on multiple samples of XLPE and EPR
cables by applying multitudes of switching impulses. At various stages of the aging
process, partial discharge measurements were taken. At the end of the aging process, the
ac breakdown voltage of each cable sample was determined. While more testing is
necessary to gain a greater understanding of this subject, the results obtained in this study
show that switching impulses weaken cable insulation, which may lead to premature
failure of distribution cables.
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CHAPTER I
INTRODUCTION

Power cables have always been an integral component of distribution systems.
As energy demands have increased in recent years, along with environmental and
aesthetic concerns, the utilization of power cables has become more and more common.
While they were once only prevalent in metropolitan areas and industrial applications,
they are now being widely used for rural distribution. As the utilization of power cables
increases, the need to understand them also increases. The earliest cables date back to the
1800s and were insulated with paper and oil. These cables are understood very well, but
they are not ideal for medium voltage applications, due to the difficulty involved in
making splices and terminations. Therefore, various polymer compounds, most notably
cross-linked polyethylene (XLPE) and ethylene-propylene rubber (EPR), have been
developed in the latter half of the 20th century and have become the predominant
insulation type for medium voltage power cables. These polymer-insulated cables are not
nearly understood as well as those insulated with paper and oil, because they have not
been in use as long.
Switching impulses are phenomena inherent to all power systems. They are
transient overvoltages that can lead to insulation degradation. Every time a switch,
circuit breaker, or circuit recloser operates, a switching impulse is generated on the power
1

system.

Not much research has been done to determine the effects that switching

impulses have on polymer-insulated cables.

Similar research has been done using

standard lightning impulses, but overvoltages caused by lightning are not nearly as
common on underground conductors as they are on overhead conductors. Power cables
may be subjected to thousands of switching impulses of various magnitudes throughout
their lifetime; therefore, the purpose of this study is to gain a greater understanding of the
effects that these switching impulses have on polymer-insulated cables. In order to
accomplish the goal of this study, varying multitudes of standard switching impulses
were applied to medium voltage power cables insulated with XLPE and EPR. Partial
discharge measurements were taken consistently throughout the aging process. The ac
breakdown voltage was determined for each sample of cable after 0, 100, 500, 1000, and
5000 switching impulses.
Partial discharge is prevalent in all electrical equipment, due to the impossibility
of eliminating all microvoids, cavities, and contaminants from insulation schemes. It is
the result of the electrical breakdown within those microvoids and cavities.

The

discharges are tiny sparks that partially bridge the insulation between the two electrodes.
In solid insulation, these discharges can result in electrical treeing, which will lead to
complete electrical breakdown, which is referred to as puncture.

Partial discharge

measurements are taken on electrical apparatus, either online or during a scheduled
outage, as a preventive measure to avoid unscheduled power outages caused by
unexpected breakdown. The partial discharge measurements taken in this study were
inception and extinction voltage, discharge magnitude, phase, and pulse count.

2

Chapter II of this study discusses power distribution cables in general, including
their applications, design, and life expectancy. Chapter II also discusses the two types of
insulation examined in this study, XLPE and EPR, and how electrical insulation can be
affected by the power system. Chapter III discusses switching impulses, including their
causes and the effects they may have on electrical insulation. Chapter IV discusses the
types of measurements that were taken for this study. This includes partial discharge and
ac breakdown theory, as well as the experimental setup and methods used to obtain these
measurements. Chapter V presents the results of these measurements, and Chapter VI
summarizes the results. Conclusions are presented in Chapter VII.
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CHAPTER II
POWER DISTRIBUTION CABLES

The purpose of this chapter is to provide general information regarding power
distribution cables. This includes the applications, voltage ratings, insulation materials,
and lifetime of power cables.

2.1

Applications of Power Distribution Cables
Traditionally, overhead, air-insulated conductors have been used to distribute

electrical energy to consumers. However, there are applications and situations for which
overhead lines are not sufficient, because air-insulated conductors require clearances and
minimum approach distances that are dependent on the voltage.

The necessary

clearances may not be available at a particular location. For instance, a highway overpass
may be too low for overhead distribution lines. Also, industries and ships that require
medium voltage distribution cannot risk having their employees in danger of encroaching
upon the minimum approach distance of an air-insulated conductor, nor would it be
economically feasible to increase the size of the physical plant to accommodate an airinsulated distribution system. For these reasons and more, power distribution cables are
necessary. They allow the electric utility or industry to place the conductor in places that
do not provide the necessary clearances for air insulation.
4

Typically this refers to

underground utility distribution, indoor industrial distribution, and shipboard power
systems.
There are also other reasons that power distribution cables are used as opposed to
overhead. Two such reasons are to increase the reliability of the system and to replace or
avoid the building of what some consumers consider to be unsightly overhead
construction.

Placing the conductor underground eliminates or dramatically reduces

many of the common causes of power outages: wildlife, vegetation, and lightning. This
leaves insulation failure as the primary cause of outages on an underground distribution
system, which in turn results in a system that is more reliable than an overhead system.
However, when an outage does occur in an underground system, the outage time will on
average be much longer due to the amount of time and equipment necessary to repair
underground conductors as opposed to overhead lines. These increased outage times
serve to diminish by some degree the increased reliability that is inherent in underground
systems. It is also much more difficult to upgrade and maintain underground systems as
opposed to overhead, and underground systems cost much more to build. The consensus
among recent underground studies is that the increase in reliability does not offset the
dramatic increase in construction costs of underground systems, and that the biggest
advantage of underground systems is aesthetics [1], [2].
For these reasons overhead systems continue to be the most prevalent means of
power distribution wherever such systems are possible to implement.

However,

underground distribution continues to grow while industrial and shipboard power systems
progressively become more and more demanding.

5

As underground, industrial, and

shipboard distribution systems become more complex, the importance of understanding
power distribution cables increases.

2.2

Voltage Classes
Power distribution cables are classified according to their voltage rating. They

are often divided into the following classes: low voltage, medium voltage, high voltage,
extra high voltage, and ultra high voltage. These terms are not universally defined and
often have different voltage ranges depending on the application. According to the
National Electric Code (NEC), medium voltage cables range from 2.001 to 35 kV [3].
These cables are insulated with various polymer compounds which are described in the
next section. Medium voltage cables are manufactured to be rated at 2.4, 5, 8, 15, 25, or
35 kV. Cables that are rated for 2 kV or less are considered low voltage and are usually
insulated with polyvinyl chloride (PVC) or some similar compound [4]. Low voltage
cables are typically rated at either 0.6 or 2 kV [5]. Cables rated above 35 kV are in the
high, extra high, or ultra high voltage ranges and may be insulated with polymer
compounds, oil-impregnated paper, or gases such as sulfur hexafluoride (SF6).

2.3

Cable Insulation
The following sections define cable insulation, describe its purpose, and explain

the principles of its design. There are many different types of insulation used in cables:
liquids such as mineral oil, gases such as SF6, solid polymers such as EPR and XLPE,
and combinations such as oil-impregnated paper. There are also many types of cables –

6

shielded and unshielded, single conductor and multi-conductor, full neutral and 1/3
neutral, 100%, 133%, and 178% insulation levels, etc. – with each type being designed
and rated for various voltage levels [6]. Because there are so many different types of
cable and insulation combinations, this section will be primarily focused on the cables
that were tested for this study. This study tested single conductor 15 kV cables with full
concentric, helically-wound, tape shield neutral and 100% insulation level. Medium
voltage cables were chosen because medium voltage is the range typically used by utility,
industrial, and shipboard power systems. The cables were insulated with two types of
polymer insulation, which will be discussed later in this chapter.

2.3.1 Electrical Strength and Purpose of Cable Insulation
The purpose of cable insulation is to prevent the uninhibited flow of electrical
current from a source to its return path, which is known as a short circuit or a fault
condition. Every electrical system, regardless of the voltage, must be insulated to prevent
a fault. However, as the voltage increases, the level of insulation needed also increases,
which is directly related to cost. Therefore, insulation is designed for each of the voltage
classes listed in Section 2.2. Furthermore, insulation is designed for specific applications
within those voltage classes. To characterize the insulation level of a particular insulator,
the terms electrical strength and basic insulation level (BIL) are often used [7].
As the voltage gets higher, the amount of electrical stress on the insulation is
increased. This is due to the fact that the stronger electric field created by the higher
voltage will place a greater force on the electrons in and around the insulation. As the
electric field gets stronger, it will result in the ionization of air and contaminants on the
7

surface of insulation, which is known as flashover. An even stronger electric field can
result in the insulating material itself becoming conductive, which can be either flashover
or puncture. Therefore, the insulation must be able to resist the electric field strength that
is normal for its application [7].
There are two other important considerations when designing insulation for an
electrical system. One is to consider whether or not the insulation will be exposed to
contaminants that will lower the electrical strength of the insulator. The other is to
consider the transient nature of the system. If the insulator is being placed on a system
that experiences a high number of transient overvoltages due to lightning and switching,
then the insulator needs to be able to withstand those transients, based on empiricallyderived industry standards. Because switching transients occur on all power systems,
especially shipboard systems, medium voltage cables need to be capable of enduring the
additional electrical stress brought about by switching.

2.3.2 Cable Insulation Design
Medium voltage distribution cables are designed to withstand the electrical
stresses put forth by a typical medium voltage distribution system. The cables must be
designed and manufactured in accordance with the standards ICEA S-94-649 and AEIC
CS8-07 [8], [9]. There are several different types of cables. Dating back to the late 19th
century, oil and paper were used to insulate the earliest distribution cables [10]. Oilimpregnated paper is still widely used and a very good form of insulation; however, the
difficulty involved in installing, splicing, and terminating such cables has led to polymerinsulated cables being the primary type used in today’s distribution systems [11].
8

There are various polymer compounds used for cable insulation, but the overall
insulation scheme is essentially the same regardless of the compound. The specific types
of cable used in this experiment were single conductor 15 kV cables with full concentric,
helically-wound, tape shield neutral and 100% insulation level.
The basic design of a distribution cable consists of the following layers:
•

Central Conductor

•

Conductor Screen

•

Insulation

•

Insulation Screen

•

Concentric Conductor

•

Jacket

The central conductor is the high-potential electrode used to deliver electric
power to the consumer. Aluminum and copper are the most prevalent conductors, with
aluminum being the most common due to its lower cost and greater durability. The
concentric conductor is the zero-potential neutral conductor. The neutral conductor is
typically copper and may be either a helically-wound tape shield or numerous strands of
bare copper wire. The insulation exists to prevent electrical breakdown by restricting
current flow from the central conductor to the concentric conductor. There are various
compounds used for the insulation, and two such compounds are described in the
following sections. To ensure that the electric field distribution is uniform, the central
conductor and the insulation are surrounded by the conductor and insulation screens,
respectively.

These screens are made of semiconductive mixtures of the insulation

material. The jacket, usually PVC, encapsulates the cable, thus protecting the concentric
9

conductor from damage and helping to keep the insulation free of moisture [5]. Refer to
Figure 2.1 for an illustration of the different layers that comprise a distribution cable.

Figure 2.1 Medium Voltage Power Distribution Cable [12]

2.3.3 Cable Insulation Material
There are several types of polymer insulation used in power distribution cables.
Two of the most common are ethylene-propylene rubber (EPR) and cross-linked
polyethylene (XLPE) [13]. Cable samples containing both these types of insulation were
tested in this experiment. The following sections describe the properties of both EPR and
XLPE.

2.3.3.1 Ethylene-Propylene Rubber (EPR)
EPR is based on one of three base polymer compounds: the copolymer ethylenepropylene, the terpolymer ethylene-propylene-hexadiene, or ethylidene norbornene. The
actual EPR compound typically contains only about 50% of its base polymer compound.
The final product is a complex formulation that may be composed of over ten ingredients,
10

the largest of which being clay, or kaolin [14]. The actual ingredients and formulas vary
from manufacturer to manufacture and are considered proprietary.
EPR-insulated cables are said to be most commonly used in industrial plants.
This is attributed to test results that show that EPR cables are less likely than XLPE
cables to undergo life-shortening morphology while they are in-service. EPR cables are
becoming more and more prevalent in underground utility systems, but XLPE still leads
in that market. This is attributed to the cost and reluctance of utilities to go through the
process of changing from one type of underground cable to another [13]. EPR insulation
is limited up to 150 kV because it has a dissipation factor up to 5 times greater than that
of XLPE [15].

2.3.3.2 Cross-Linked Polyethylene (XLPE)
XLPE is based on the homopolymer polyethylene. Peroxide is often used as a
curing agent and stabilizer.

As is the case for EPR, XLPE compounds vary from

manufacturer to manufacturer, and the exact formulas are proprietary. XLPE insulation
can be used in applications of up to 500 kV, which is far greater than the upper limit of
150 kV for EPR. However, there are several drawbacks to using XLPE for medium
voltage applications. XLPE is very susceptible to water treeing, which is a phenomenon
discussed in the next section. To prevent water treeing, a metallic shield is used that
keeps moisture from reaching the insulation; however, this shield dramatically increases
the cost of the cables. Because of this, a copolymer-based compound known as TRXLPE
(Treeing Retardant XLPE) is often used for medium voltage applications, despite the fact
that TRXLPE compounds have weaker electrical properties than XLPE compounds [15].
11

Another drawback to using XLPE is its poor performance at elevated temperatures.
XLPE has a crystalline melting point of approximately 90ºC. At the onset of crystalline
melting, the breakdown strength of XLPE has been found to decrease substantially, while
the ac loss characteristics increase [13].

2.3.4 Insulation Degradation
It is important to understand that the physical properties of electrical insulation
can and will change over time, and this is known as insulation degradation. It can be the
result of temperature, moisture, pollution, impurities, imperfections, mechanical stress,
electrical stress, and many other causes. Insulation degradation can take place on the
surface or inside the insulation [16].
Degradation on the surface of solid insulation is caused by surface tracking.
Imperfections or contaminants cause the electric field near the electrodes to become nonuniform. This results in partial discharge, often called surface discharge, due to either the
ionization of the air around the insulation or the conductance of contaminants on the
surface of the insulation. The heat associated with the surface discharge creates a small
conductive or leakage path for current to flow along the surface of the insulation. Over
time, the leakage path will become longer and more conductive, and it may eventually
lead to flashover, which is discussed in Chapter IV [17].
Internal degradation leads to puncture, which is discussed in Chapter IV. It is the
most common type of insulation degradation associated with power cable insulation.
This type of degradation is commonly referred to as treeing. Treeing can be caused by
either water or voltage. Power cables are subjected to large amounts of moisture, which
12

results in the formation of water trees. The moisture can fill in microvoids and cavities
on the surface of the insulation. As conditions such as temperature change, the cavities
may grow larger and branch out, creating a tree-like formation. Electrical trees are the
result of partial discharge in microvoids and cavities in or on the surface of the insulation.
The heat associated with the discharges results in a tree like formation that will more than
likely lead to breakdown. Breakdown from electrical treeing occurs much quicker than
breakdown from water treeing. It is also debatable as to whether or not water treeing
leads to partial discharge which would lead to electrical treeing.

However, it is

understood that power cables are often subjected to both these types of degradation [18].
An example of the damage caused by water treeing is shown in Figure 2.2.

Figure 2.2 Example of Water Treeing [19]

2.4

Expected Lifetime of Power Distribution Cables
A lot is expected of power cables, whether they are used for underground utility

systems or for industrial applications.

While energized, they are exposed to high

amounts of moisture and are expected to perform well over a wide range of temperatures.
13

Despite the stringent requirements of cables, they are expected to perform well for
decades. As the cables get older, there are many changes that can take place due to
thermal, electrical, and environmental aging. Table 2.1 shows some of the affects that
can result from these types of aging [18].
Due to the relatively short history of polymer-insulated cables, most lifetime
estimates are based on accelerated aging studies.

Other studies have been done to

determine the failure rates of in-service cables, but these studies are mostly based on
older, unjacketed XLPE cables [20], [21]. Those types of cables are highly susceptible to
water treeing, which is believed to greatly diminish the life expectancy of cables. It is
estimated that if modern polymer-insulated cables are free of moisture, installed
correctly, and not overloaded, then they will have a life expectancy of over 50 years [22].

14

Table 2.1 Possible Results of In-Service Cable Aging [18]
Type of Aging

Possible Effects
Hardening, softening, loss of mechanical strength, embrittlement
Shrinkage, loss of adhesion, separation at interfaces
Swelling

Thermal
Loss/ingress of liquids, gases
(High or Low
Conductor penetration
Temperature)
Rotation of cable
Formation of soft spots, wrinkles
Movement of joints, terminations
Erosion of insulation
Electrical

Partial discharge

(ac, dc, or Impulse

Increased losses

Voltage; Current)

Thermal runaway
Immediate Failure
Thermal runaway

Environmental
(Water, Humidity,
Contamination)

Increased losses
Flashover
Water Treeing
Corrosion

15

CHAPTER III
SWITCHING IMPULSE

The purpose of this chapter is to provide theoretical and practical information on
switching impulses and their effect on electrical insulation.

3.1

Theoretical Background
Transient overvoltages are temporary, undesired stresses that occur on power

systems for various reasons. These overvoltages may be caused by external sources or
they may originate within the system itself. Induced voltage caused by lightning is the
foremost cause of overvoltages originating from external sources, and often times these
overvoltages are the most destructive. However, the most frequent overvoltages occur
during the normal operation of the power system. These normal occurrences that cause
abnormal voltage conditions in the power system are generally traced to three main
causes: switching, ferroresonance, and harmonics. Of these three causes, switching
impulses are the most prevalent type of overvoltage in a distribution system, as reclosers
and switched capacitor banks operate multiple times on a daily basis [23].
Switching impulses are phenomena that occur to some degree any time that a
switch is open or closed. These impulses are caused by prestriking and restriking, which
are inherent to any switching apparatus whether it is an electronically-controlled vacuum
16

interrupter or a stick-operated knife blade switch. Prestriking takes place when an arc
develops across the gap between the switch contacts before the contacts are physically
brought together during the closing of the switch. Because these arcs occur at high
frequencies, they may go through many cycles before the contacts are physically
touching, creating a transient overvoltage. Restriking occurs when an arc develops across
the gap between the switch contacts after a physical opening has been created between
the switch contacts during the opening of the switch. Once the contacts are wide enough,
the arc will usually extinguish itself, but may go through several cycles that create a
transient overvoltage on the system [23].
The severity of overvoltages caused by prestriking and restriking is dependent on
the type of switch, mainly its interrupting medium and speed. If the permittivity of the
interrupting medium (air, oil, vacuum, etc.) is increased, the magnitude of the arc will be
smaller, resulting in a less severe overvoltage. Likewise, if the clearing and closing time
of the switch are decreased, the overvoltage will go through fewer oscillations, which
also results in a less severe overvoltage [23]. Figure 3.1 illustrates the effect that a
switching impulse caused by the operation of a switch may have on the system voltage.
Figure 3.1b is much more severe switching impulse than Figure 3.1a.
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Figure 3.1 Example of a Superimposed Switching Impulse under (a) Typical
and (b) More Severe Circumstances

Prestriking and restriking cause the switching impulses, but the actual electrical
characteristics of the system and the devices being switched in or out of the system have
a profound effect on the duration of the switching impulses.

The inductance and

capacitance of the system impact the amount of time it takes for the impulse to decay. For
example, the switching impulse in Figure 3.1a could become as severe as the one shown
in Figure 3.1b if the switch that caused the impulse is operated at a different location on
the power system. Therefore, insulation on line equipment must be designed to endure
such transient conditions [23].
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The magnitude of the switching impulse is also affected by the characteristics of
the system. There are several different switching scenarios that will result in varying
impulse magnitudes. The switching on of a large transformer bank may potentially cause
overvoltages of up to 2 per unit that may actually be sustained if not adequately protected
by surge arresters.

Energizing isolated, grounded capacitor banks may result in

overshoot, which can cause overvoltages that can theoretically reach 2 per unit;
energizing ungrounded capacitor banks may result in overvoltages of over 2.5 per unit.
Even worse, the energizing of a charged capacitor bank can cause overvoltages of up to 3
per unit.

Restriking that occurs while de-energizing a capacitor bank can result in

overvoltages of up to 6 per unit. In rare circumstances, voltage magnification will take
place, resulting in overvoltages of up to 5 per unit. Switching surges independent of the
system voltage are also caused by the expulsion of current-limiting fuses [23].
In summary, there are several different types and causes of overvoltages. For that
reason, electrical devices, including the cables studied in this thesis, are designed and
protected so that any damage caused by an undesired overvoltage in the system will be
kept to a minimum.

3.2

Standard Switching Impulse
Because there are varying types of switching impulses and electrical devices must

be designed to account for them, an industry standard switching impulse had to be
developed. The standard switching impulse as detailed by the IEEE standard is shown in
Figure 3.2. It has a time-to-peak value (TP) of 250 microseconds and time-to-half value
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(T2) of 2500 microseconds. This waveform is generally described as a 250/2500 impulse
[24].
This switching impulse is used in the qualification tests of various electrical
devices and was used for the study contained in this thesis. An oscillogram of the
switching impulse used for this experiment is located in Figure 4.5.

Figure 3.2 Standard Switching Impulse [24]

3.3

Effects of Switching Impulses on Power Cables
The purpose of this study is to gain a greater understanding of the effects that

switching impulses have on power cable insulation.

If these effects were greatly

understood, then there would have been little incentive to conduct the experiments
contained in this work. Intuitively, transient overvoltages caused by switching should
shorten the life of power cables because of the increase in electrical stress placed on the
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insulation. However, not much work has been performed to quantify how much the
cables are affected.
One study attempted to determine the effects of switching impulses on XLPE
cables. 50 impulses were applied at a voltage of 4 per unit, and the conclusions were that
the impulses had no effect on the cables [25]. Another study was performed using nonstandard voltage impulses to degrade XLPE cable insulation. The conclusions were
made that by applying multitudes of impulses, both the ac and impulse breakdown
voltages of the cables were decreased [26].

Another study, using various non-standard

voltage impulses, aged several types of polymer-insulated cables. The conclusions were
that the switching impulses had no effect on the cables at all [27]. One other study
concluded that switching impulses had a degrading effect on EPR cable insulation. The
conclusions were that the cable must be subjected to very many switching impulses
before insulation degradation takes place [28].
Each of the studies mentioned above used very different methods in attempts to
determine the effects of switching impulses. This study is a continuation of the work
started in [38]. This work aged both XLPE and EPR cables by applying up to 5000
switching impulses. The results show that insulation degradation does indeed take place
in power cables as long as enough impulses of a high enough magnitude are applied to
the cables.
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CHAPTER IV
MEASUREMENTS AND PROCEDURES

The purpose of this chapter is to present the parameters that were measured and to
explain the methods used to obtain the data presented in Chapter V.

4.1

Test Parameters
Data had to be collected in order to determine the effects that switching impulses

have on power cables. Partial discharge measurements were taken at various stages
throughout the aging process. The measured parameters included inception voltage,
extinction voltage, and discharge magnitude, phase, and pulse count. The ac breakdown
voltage was determined after the aging process was complete. These parameters are
discussed in the following sections.

4.1.1 Partial Discharge Theory
Partial Discharge (PD) is an electrical phenomenon that occurs within or on the
surface of electrical insulation. PD does not result in current flowing all the way across
or through the insulation; rather, it only partially bridges the insulation. When current
flows all the way across or through the insulation, a full discharge has occurred, which is
known as breakdown [16].
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PD is caused by imperfections in the insulation. The most common of these
imperfections are microvoids and contaminants such as moisture. Microvoids are tiny air
gaps within or on the surface of solid insulation. The electrical potential across these air
gaps is enough to cause ionization within the gap, resulting in partial discharge.
Contaminants in or on the surface of the insulation are typically more conductive than the
insulating material, which results in partial discharges through the contaminant. Over
time the contaminant will be vaporized by the heat associated with the discharges,
resulting in microvoids. The heat associated with the discharges in the microvoids,
whether they were caused by contamination or flaws in the manufacturing process,
causes several problems within the cable. The surface of the microvoid will become
carbonized allowing for higher magnitude discharges[16]. This leads to the treeing effect
which leads to larger air gaps in the insulation [29]. Eventually the insulation will
become so weak that it will fail, resulting in complete electrical breakdown. Figure 4.1
shows an example of insulation failure in a 15 kV distribution cable.

Figure 4.1 Example of Cable Puncture
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PD activity is present in all power transmission and distribution devices whether
they are new or old. However, it is believed that the PD activity will change dramatically
as the insulation of the device gets weaker. Therefore, it is common practice to measure
PD activity periodically in expensive devices, such as large motors and generators, as a
preventive measure to avoid costly damage to the equipment. The person evaluating the
PD measurement data looks for drastic changes from one data set to the next. However,
it can be very difficult to analyze PD data due to some of the following observations
found in [18]:
•

The number of PD pulses per half cycle usually increases with the
amplitude of the applied voltage;

•

The number of PD pulses per half cycle depends on the shape and size of
the cavities;

•

There is considerable variation in the number and magnitudes of the
discharges that occur during each half cycle of the applied voltage;

•

The magnitudes of the largest PD per half cycle can vary by at least an
order of magnitude; and

•

PD can extinguish for long periods due to increased pressure within the
void or increases in surface conductivity of the void surface.

4.1.1.1 PD Inception and Extinction Voltages
PD inception voltage is the voltage at which PD activity first occurs within the
cable. Likewise, the PD extinction voltage is the voltage at which PD disappears. The
extinction voltage is naturally lower than the inception voltage due the electrical energy’s
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resistance to change state. The extinction voltage is usually between 10 and 30% lower
than the inception voltage. In addition, there are some influences that may cause the
inception voltage to be significantly different than expected.

The lack of initiatory

electrons can cause the inception voltage to be higher than expected, and the ionization of
the gas in the cavity due to ionizing radiation can cause the inception voltage to be lower
than expected [18].

4.1.1.2 PD Magnitude, Phase, and Pulse Count
PD activity occurs as a multitude of tiny pulses. Each pulse has a magnitude and
a phase. PD magnitude is measured in Coulombs (C) and simply refers to the amount of
electrical charge that was accumulated prior to discharge. PD phase refers to the phase
angle at which the pulse occurs on the ac voltage wave that is applied during the test. PD
pulse count refers to the total number of pulses that took place during the measurement
period [30]. An example of PD activity is shown in Figure 4.2.
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Figure 4.2 Example of PD Activity

4.1.2 AC Breakdown Voltage Theory
As mentioned in Section 2.3.1, every insulation medium has its own electrical
strength that is designed to prevent fault conditions. If the insulation fails, and a fault
condition occurs, then breakdown has occurred. Electrical breakdown can occur through
gas, liquid, or solid insulation. When the breakdown occurs through a gas or liquid
insulating medium, this is known as flashover. When the breakdown occurs through a
solid insulating medium, this is known as puncture.
There are multiple theories that attempt to explain the electrical breakdown
mechanisms.

Flashover through gas insulation is typically described as a series of

electron collisions. These collisions lead to what is called an electron avalanche, which
results in the ionization of the gas. Electron avalanches occur when free electrons, being
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propelled by an electric field, collide with other electrons, leading to subsequent
collisions that eventually ionize the gas. This can happen in the air, inside gas-insulated
enclosures, and on the surface of solid insulators. In addition, contaminants of varying
conductivity on the surface of solid insulators have a profound affect on the flashover
breakdown mechanism.

The more conductive the contaminant, the less voltage is

necessary to flashover the surface of the insulator [31].

Flashover through liquid

insulation follows a mechanism similar to that of gases, but it is believed to be initiated
by impurities in the liquid. These impurities, whether solid, liquid, or gas, are similar to
microvoids in solid insulation in that they result in PD activity that may eventually lead
to complete breakdown [32].
Breakdown of solid insulation is far less understood than that of gases and liquids.
The breakdown theories are arbitrarily divided into intrinsic and thermal mechanisms.
Intrinsic breakdown occurs when the electric field frees valence electrons within the solid
dielectric, which may result in a conductive path. Thermal breakdown occurs when heat
causes the electrical properties of the insulating material to change. It is important to
understand that both intrinsic and thermal breakdown cause chemical and physical
changes in the insulation before breakdown actually occurs [33], [34]. This morphology
of the insulation, which is shown in great detail in [35], is what actually causes the
electrical breakdown to occur [36]. For this reason, puncture is believed to be initiated
by the breakdown of microvoids and contaminants in the insulation that may or may not
have been cause by electrical stress.
Another common cause of electrical breakdown, regardless of the insulation
medium, is the improper termination or installation of the equipment. This is especially
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true in cables, because they have special termination and splicing kits that have to be
installed properly. However, even if they are installed properly, cable terminations and
splices are often found to be the source of failure in underground power cables due to the
increased likelihood of the existence of microvoids and contaminants in the termination
or splice.

Drastic changes in temperature are sometimes blamed for the failure of

terminations and splices because the cable may expand and contract at a faster rate than
the termination or splice. Research shows that there are far more failures in cable
terminations and splices than in the cables themselves [37].

4.2

Experimental Setup
The following sections describe how the cables were prepared for testing, how the

switching impulses were applied, and how the results were obtained. The results are
shown in Chapter V and analyzed in Chapter VI.

4.2.1 Cable Preparation
As mentioned in Chapter II, there were two types of 15 kV cable tested in this
experiment. One type was insulated with EPR and the other with XLPE. Each sample of
cable was three meters long.

On each end of the samples, the insulation screen,

concentric conductor, and encapsulating jacket were removed so that no flashes occurred
between the conductor and the concentric conductor (Refer to Chapter II for more
information on cable design and its associated terms). The lengths in which these layers
were removed are shown in Figure 4.3 [38].
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In order to stress the insulation properly during testing, an adequate ground
electrode had to be created. The concentric conductor is generally grounded on both ends
at the cable’s termination points. However, due to the short length of the samples and the
high voltage magnitudes necessary to break down the cable insulation, it was decided to
ground the outside of the encapsulating jacket instead.

First, a zinc-based

semiconductive coating was sprayed on the jacket at the midway point of the cable.
Then, a layer of aluminum foil to which the ground wire was attached was wrapped
around the midway point of the zinc-based coating. Lastly, a layer of semiconductive
tape with a lower conductivity than the zinc-based coating was applied to each end of the
coating. The lengths and placement of each layer of the ground electrode are shown in
Figure 4.3. The purpose of the three semiconductive layers is to smooth out the electric
field created at the point where the ground wire is attached to the aluminum foil [38].

Zinc Rich
Galvanizing Coat

Aluminum
Foil

Polyimide
Film Tape

(a)

15 cm
5 cm 16 cm 8 cm

8 cm 16 cm 5 cm

(b)

5 cm
6 cm

6 cm
3m

Figure 4.3 Cable Sample Grounding Electrode (a) Layers and (b) Lengths
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4.2.2 Application of Switching Impulses
Standard switching impulses were applied to each of the cables using five stages
of a twenty stage, 50 kilojoule impulse generator (see Figures 4.4 and 4.5).

The

generator was calibrated with a sphere gap in accordance with [24]. The voltage and
waveform were monitored using a voltage divider system and a Tektronics TDS 7104
oscilloscope. The peak voltage was set at 100 kV, and the atmospheric correction factors
found in [24] were used when preparing the generator for the application of the impulses.
The peak voltage was chosen because it is slightly more than six per unit of the insulation
rating of 15 kV.

6 per unit is the worst case switching impulse as described in

Chapter III. The impulses were applied at a rate of one per minute, and the samples were
grounded in between each impulse to discharge the cables.
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(b)

(a)

Figure 4.4 (a) Impulse Generator and (b) Voltage Divider in MSU High Voltage Lab
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Figure 4.5 Standard Switching Impulse Oscillogram

4.2.3 Measurement of PD Activity
The PD activity was measured with the Hipotronics DDX 7000 Digital PD
Detector while applying ac voltage with a 120 V:40 kV transformer. For each cable, the
PD activity was measured after every 100 switching impulses were applied. To measure
the inception voltage, the ac voltage was slowly raised until PD activity became apparent.
Then, the magnitude, phase, and pulse count were measured with 8 kV applied to the
cable for 10 seconds. This voltage was chosen for two reasons: one is because it is close
to normal distribution operating voltages of 7.2 and 8.3 kV, and the other is because it
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proved to be above the PD inception voltage of both types of cables. The data collected
during this 10 second window included PD magnitude, phase, and pulse count.

4.2.4 Measurement of AC Breakdown Voltage
The ac breakdown voltage was measured using a 3 MVA, 4.16 kV:1.05 MV
transformer (see Figure 4.6). The breakdown voltages for both samples of each type of
cable were measured after 0, 100, 500, 1000, and 5000 impulses had been applied. The
non-insulated ends of the central conductor of the cable were immersed in oil to prevent
flashover. The voltage was then slowly raised until puncture occurred.

Figure 4.6 High Voltage AC Transformer and Voltage Divider in
MSU High Voltage Lab
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CHAPTER V
TEST RESULTS

The purpose of this chapter is to present the data that were collected for this
project. The data were collected from August 2006 through May 2007. Discussion and
conclusions are presented in Chapter VI.

5.1

PD Measurements
The data in the following sections show the results of partial discharge

measurements taken on two samples of EPR and XLPE 15 kV cables at different stages
of aging. The data for each sample are presented first, followed by the average for both
types of cable.

5.1.1 EPR Sample 1
The following data show the partial discharge measurements of the first sample of
EPR cable. Figure 5.1 shows the partial discharge inception and extinction voltages as
functions of applied switching impulses.

Figure 5.2 shows the partial discharge

magnitude (Q) under an applied voltage of 8 kV as a function of applied switching
impulses. Figure 5.3 shows the partial discharge pulse count during a ten second block
under an applied voltage of 8 kV as a function of applied switching impulses. The pulse
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count plot is presented with a two point moving average trend line. Figure 5.4 shows the
partial discharge Q-Ф-N plots after 100 and 5000 applied switching impulses. The data
shown in these plots were originally presented in [38].
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Figure 5.1 Partial Discharge Inception and Extinction Voltages – EPR Sample 1
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Figure 5.2 Partial Discharge Magnitude – EPR Sample 1
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Figure 5.3 Partial Discharge Pulse Count – EPR Sample 1
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(a)

(b)

Figure 5.4 Partial Discharge Q-Ф-N Plots – EPR Sample 1 after (a) 100 and
(b) 5000 applied switching impulses

5.1.2 XLPE Sample 1
The following data show the partial discharge measurements of the first sample of
XLPE cable. The figures are in the same order and of the same type as those shown in
Section 5.1.1. The data shown in these plots were originally presented in [38].
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Figure 5.5 Partial Discharge Inception and Extinction Voltages – XLPE Sample 1
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Figure 5.6 Partial Discharge Magnitude – XLPE Sample 1
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Figure 5.7 Partial Discharge Pulse Count – XLPE Sample 1

(a)

(b)

Figure 5.8 Partial Discharge Q-Ф-N Plots – XLPE Sample 1 after (a) 100 and
(b) 5000 applied switching impulses
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5.1.3 EPR Sample 2
The following data show the partial discharge measurements of the second sample
of EPR cable. The figures are in the same order and of the same type as those shown in
Section 5.1.1.
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Figure 5.9 Partial Discharge Inception and Extinction Voltages – EPR Sample 2
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Figure 5.10 Partial Discharge Magnitude – EPR Sample 2
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Figure 5.11 Partial Discharge Pulse Count – EPR Sample 2
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(a)

(b)

Figure 5.12 Partial Discharge Q-Ф-N Plots – EPR Sample 2 after (a) 100 and
(b) 5000 applied switching impulses

5.1.4 XLPE Sample 2
The following data show the partial discharge measurements of the second sample
of XLPE cable. The figures are in the same order and of the same type as those shown in
Section 5.1.1.
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Figure 5.13 Partial Discharge Inception and Extinction Voltages – XLPE Sample 2
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Figure 5.14 Partial Discharge Magnitude – XLPE Sample 2
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Figure 5.15 Partial Discharge Pulse Count – XLPE Sample 2
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Figure 5.16 Partial Discharge Q-Ф-N Plots – XLPE Sample 2 after (a) 100 and
(b) 5000 applied switching impulses
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5.1.5 EPR Average
The following data show the average of the partial discharge measurements for
both samples of EPR cable. The figures are in the same order and of the same type as
those shown in Section 5.1.1, minus the Q-Ф-N plot.
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Figure 5.17 Partial Discharge Inception and Extinction Voltages – EPR Average
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Figure 5.18 Partial Discharge Magnitude – EPR Average
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Figure 5.19 Partial Discharge Pulse Count – EPR Average
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5.1.6 XLPE Average
The following data show the average of the partial discharge measurements for
both samples of XLPE cable. The figures are in the same order and of the same type as
those shown in Section 5.1.1, minus the Q-Ф-N plot.
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Figure 5.20 Partial Discharge Inception and Extinction Voltages – XLPE Average
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Figure 5.21 Partial Discharge Magnitude – XLPE Average
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Figure 5.22 Partial Discharge Pulse Count – XLPE Average
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5.2

AC Breakdown Voltage Measurements
The data in this section show the results of ac breakdown voltage measurements

taken on two samples of EPR and XLPE 15 kV cables at different stages of aging. The
breakdown voltage was measured after 0, 100, 500, 1000, and 5000 applied impulses.
Table 5.1 contains all of the breakdown voltages, including the average for both types of
cable. The data for EPR Cable 1 and XLPE Cable 1 were originally presented in [38].

Table 5.1 AC Breakdown Voltages
No. of
Applied
Impulses

EPR
Sample 1

XLPE
Sample 1

EPR
Sample 2

XLPE
Sample 2

EPR
Average

XLPE
Average

0

85 kV

101 kV

85 kV

110 kV

85 kV

105.5 kV

100

85 kV

124 kV

106 kV

112 kV

95.5 kV

118 kV

500

92 kV

119 kV

110 kV

104 kV

101 kV

111.5 kV

1000

100 kV

130 kV

76 kV

99 kV

88 kV

114.5 kV

5000

109 kV

90 kV

71 kV

94 kV

90 kV

92 kV
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CHAPTER VI
SUMMARY AND FUTURE WORK

The purpose of this chapter is to summarize the data presented in Chapter V and
to draw conclusions based on those results. Some suggestions for future work are also
presented.

6.1

Summary of Results
This section summarizes much of the data presented in Chapter V. Conclusions

from the data are drawn in Section 6.2.

6.1.1 Summary of PD Inception and Extinction Voltages
EPR Sample 1, whose data were originally presented in [38], had a rather stable
PD inception voltage as shown in Figure 5.1. Excluding one extreme peak, the inception
voltage varied from 3.7 to 4.4 kV throughout the aging process. The inception voltage
had an upward trend, indicating that as more impulses were applied to the cable, greater
voltage was required to produce PD activity. The average inception voltage was 4.17 kV.
The PD extinction voltage was similar to the inception voltage in that it was stable and
had an upward trend. It varied from 3.2 to 3.9 kV and had an average of 3.59 kV.
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XLPE Sample 1, whose data were also presented in [38], also showed stable
inception and extinction voltages as shown in Figure 5.5. The inception voltage varied
from 2.4 to 2.9 kV and showed neither an upward nor a downward trend. The average
inception voltage was 2.67 kV. The extinction voltage varied from 2.3 to 2.7 kV and
showed neither an upward nor a downward trend. The average extinction voltage was
2.49 kV.
EPR Sample 2 had inception and extinction voltages in Figure 5.9 that were more
volatile than those of EPR Sample 1. Excluding extremes, the inception voltage varied
from 3.2 to 5.2 kV and showed a slight downward trend. The average inception voltage
was 4.37 kV. The extinction voltage varied from 3.1 to 4.7 kV and also showed a slight
downward trend. The average extinction voltage was 4.02 kV.
XLPE Sample 2 had inception and extinction voltages that were relatively stable
as shown in Figure 5.13. Excluding extremes, the inception voltage varied from 2.8 to
4.1 kV and showed a slight downward trend. The average inception voltage was 3.57
kV. The extinction voltage varied from 2.6 to 3.7 kV and also showed a slight downward
trend. The average extinction voltage was 3.22 kV.
The average inception and extinction voltages of the 2 samples of EPR cable were
relatively stable as shown in Figure 5.17. Excluding extremes, the average inception
voltage varied from 3.8 to 4.6 kV and showed neither an upward nor downward trend.
The average of the inception voltage was 4.27 kV. The average extinction voltage varied
from 3.35 to 4.15 kV and showed neither an upward nor a downward trend. The average
of the extinction voltage was 3.80 kV.
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The average inception and extinction voltages of the two samples of XLPE cable
were quite stable as shown in Figure 5.20. Excluding extremes, the average inception
voltage varied from 2.8 to 3.45 kV and showed neither an upward nor a downward trend.
The average of the inception voltage was 3.12 kV. The average extinction voltage varied
from 2.4 to 3.2 kV and showed neither an upward nor a downward trend. The average of
the extinction voltage was 2.86 kV.
Table 6.1 summarizes the information discussed in this section.

6.1.2 Summary of PD Magnitude, Pulse Count, and Phase
In Figure 5.2, the PD magnitude for EPR Sample 1 was stable and showed neither
an upward nor a downward trend. It varied from 669 to 1360 pC and had an average of
903 pC. In Figure 5.6, the PD magnitude for XLPE Sample 1 was less random than any
of the other samples and showed a downward trend. It varied from 1227 to 3820 pC and
had an average of 2493 pC.
In Figure 5.10, the PD magnitude for EPR Sample 2 was fairly stable and showed
an upward trend. It varied from 458 to 1476 pC and had an average of 852pC. In Figure
5.14, the PD magnitude for XLPE Sample 2 was very stable and showed neither an
upward nor a downward trend. Excluding one extreme, it varied from 658 to 1058 pC
and had an average of 836 pC.
In Figure 5.18, the average PD magnitude for both EPR samples was fairly stable
and showed a slight upward trend. It varied from 605 to 1280 pC and had an average of
880 pC.

In Figure 5.21, the average PD magnitude for both XLPE samples was
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somewhat stable and showed a slight downward trend. It varied from 947 to 1958 pC
and had an average of 1503 pC.
In Figure 5.3, the PD pulse count for EPR Sample 1 was fairly stable after 500
switching impulses had been applied and showed a slight downward trend. Excluding
data taken prior to 500 impulses, the pulse count varied from 1536 to 3704 impulses and
had an average of 2905 impulses. In Figure 5.7, the pulse count for XLPE Sample 1 was
also fairly stable after 500 switching impulses had been applied and showed a downward
trend. Excluding data taken prior to 500 switching impulses, the pulse count varied from
375 to 4653 impulses and had an average of 2066 impulses.
In Figure 5.11, the pulse count for EPR Sample 2 showed the same trend as EPR
Sample 1, but it had a much higher pulse count. Excluding data taken prior to 500
switching impulses, the pulse count varied from 7177 to 22179 impulses and had an
average of 12892 impulses. In Figure 5.15, the pulse count for XLPE Sample 2 did not
follow the trend of the other samples. It did not display a sudden decrease in the pulse
count after 500 switching impulses; rather, it was somewhat volatile while displaying a
slight downward trend throughout the aging process. The pulse count varied from 9068
to 22968 impulses and had an average of 17168 impulses.
In Figure 5.19, the average pulse count for both EPR samples followed the same
trend as EPR Sample 1 and 2. The pulse count dropped off after 500 switching impulses
had been applied and then showed a slight downward trend. Excluding data taken prior
to 500 switching impulses, the pulse count varied from 4933 to 11253 impulses and had
an average of 7859 impulses. In Figure 5.22, the average pulse count for both XLPE
samples showed an increase in the pulse count after 500 switching impulses had been
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applied and then showed a slight downward trend throughout the remainder of the aging
process. The pulse count varied from 5524 to 13013 impulses and had an average of
9834 impulses.
All of the PD phase angles (Figures 5.4, 5.8, 5.12, and 5.16) showed the same
trend. The PD activity always took place from 0 to 90 degrees and from 180 to 270
degrees. These ranges are between the zero crossings and the peaks of the applied ac
voltage.
Table 6.1 summarizes the information discussed in this section.
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Table 6.1 Summary of PD Inception and Extinction Voltage Test Results
Data Set

EPR
Sample 1

XLPE
Sample 1

EPR
Sample 2

XLPE
Sample 2

EPR
Average

XLPE
Average

Inception /
Extinction
Trend

Up

None

Down

Down

None

None

Inception
Scatter

0.7 kV

0.5 kV

2.0 kV

1.3 kV

0.8 kV

0.65 kV

Inception
Average

4.17 kV

2.67 kV

4.37 kV

3.57 kV

4.27 kV

3.12 kV

Extinction
Scatter

0.7 kV

0.4 kV

1.6 kV

1.1 kV

0.8 kV

0.8 kV

Extinction
Average

3.59 kV

2.49 kV

4.02 kV

3.22 kV

3.8 kV

2.86 kV

Magnitude
Trend

None

Down

Up

None

Up

Down

Magnitude
Scatter

691 pC

2593 pC

1018 pC

400 pC

675 pC

1011 pC

Magnitude
Average

903 pC

2493 pC

852 pC

836 pC

880 pC

1503 pC

Count
Trend

Down

Down

Down

Down

Down

Down

Count
Scatter

2168

4278

15002

5800

6320

7489

Count
Average

2905

2066

12892

17168

7859

9834
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6.2

Conclusions
The following sections draw conclusions from the summary of results presented

in the previous section and Chapter V. Conclusions are drawn for each type of test that
was performed on the cables along with some general conclusions.

6.2.1 PD Inception and Extinction Voltages Conclusions
Table 6.1 is used to come to the following conclusions:
•

Neither the EPR nor the XLPE cables displayed a dominant upward or
downward trend, which means the switching impulses appeared to have
little or no effect on the PD inception and extinction voltages.

•

The inception and extinction scatters varied dramatically between the 2
separate samples of each type of cable. This can be explained by the fact
that the origin of the first sample of cables is unknown, and it is highly
unlikely that the samples were manufactured under similar conditions.

•

The average inception and extinction voltages of the EPR cables are
considerably greater than those of the XLPE cables.

6.2.2 PD Magnitude, Pulse Count, and Phase Conclusions
Table 6.1 is used to come to the following conclusions:
•

The EPR cables showed a slight upward trend in PD magnitude while the
XLPE cables showed a slight downward trend throughout the aging
process.
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•

The magnitude scatters of the EPR cables were relatively close to one
another, while the scatters of the XLPE cables were very different.

•

The average magnitude of the XLPE cables is significantly higher than the
average magnitude of the EPR cables.

•

All cables showed a downward trend in PD pulse count. This indicates
that the number of impulses decreased as more switching impulses were
applied to the cable.

•

The pulse count scatters for all the cables were relatively close with the
exception of EPR Sample 2.

•

The pulse count averages for the second sample of cables are significantly
greater than the pulse count averages for the first sample of cables.

•

The XLPE cables had a slightly higher average pulse count than the EPR
cables.

6.2.3 AC Breakdown Voltage Conclusions
Table 5.1 is used to come to the following conclusions:
•

All cable samples displayed the trend of the breakdown voltage gradually
increasing after the first or second stages of the aging process.

•

All but one cable sample saw a significant drop in the breakdown voltage
after the third or fourth stage of the aging process.

•

EPR Sample 1 showed a continuous increase in breakdown voltage after
each stage of the aging process.
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6.2.4 General Conclusions
The following statements are based on the above conclusions:
•

Switching impulses have an effect on PD activity, but the degree to which
it is affected cannot be determined from this data.

•

Switching impulses decrease the ac breakdown voltage of both types of
cables.

•

Switching impulses, if severe and frequent enough, can cause the
premature failure of power cables.

•

More data is needed to gain a greater understanding of the effects that
switching impulses have on cables.

6.3

Future Work
Further tests need to be done before any final conclusions can be made regarding

this work. More cable samples need to be tested in order to have a reliable data set.
Additionally, another set of cables should be tested, but with the outer jacket and
concentric conductor removed, so that the electrical breakdown does not occur as a result
of induced voltage on the concentric conductor. Furthermore, another set of cables
should be tested while submerged in water, to simulate the conditions that actually exist
on a utility system. The data collected from these additional tests should provide a good
indication of how switching impulses affect power distribution cables.
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CHAPTER VII
CONCLUSION

XLPE and EPR power cables were successfully aged by applying varying
multitudes of standard switching impulses.

The partial discharge data was taken

throughout the aging process. The ac breakdown voltage was measured after 0, 100, 500,
1000, and 5000 impulses were applied to the cable samples. The partial discharge data is
inconclusive. More data is necessary in order to determine if any common trends exist in
the partial discharge measurements that would indicate that the cables have been
damaged by switching impulses. The downward trend of the ac breakdown voltage
measurements indicates that the electrical strength of the cables diminished as more and
more switching impulses were applied. Therefore, the results of this study indicate that
overvoltages caused by switching impulses have damaging effects on power cables
insulated with XLPE and EPR. It is important to continue investigations into this area in
order to mitigate unexpected outages, especially in places where electrical reliability is of
utmost importance.

The true contribution of this work is that it led to further

investigations into the effects that switching impulses have on power cables, as evidenced
by [39], which was a direct continuation of the work presented in this thesis.
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